The transversal relaxation time, the effective transversal relaxation time and the water self-diffusion coefficient are evaluated during hemoglobin S polymerization. One homogeneous permanent magnet and one inhomogeneous and portable unilateral magnet with a very strong and constant static magnetic field gradient were utilized. The Carr-Purcell-Meiboom-Gill method was used before and after placing the studied samples 24 hours at 36˚C to guarantee the polymerization. The transversal relaxation shows two exponents after polymerization supporting the concept of partially polymerized hemoglobin. The effective transversal relaxation time decreases around 40%, which can be explained by the increase of water self-diffusion coefficient 1.8 times as a main value. This result can be explained considering the effects of the agglutination process on the obstruction and hydration effects in a partially polymerized solution.
Introduction
The polymerization of hemoglobin S (HbS) is the basic molecular process in Sickle Cell Disease (SCD) [1] . An adequate understanding of the molecular processes associated to this illness is necessary in order to design different approaches for diagnostic and treatment options. Magnetic Resonance has been employed with success in the physical characterization of the HbS solution during polymerization [2] - [5] giving place to useful methods to evaluate the clinical state of the patient [6] and some potential drugs for treatment [7] .
To study the water behaviour in the hemoglobin S solution is a relevant problem in SCD. Water inside hemoglobin (Hb) solutions strongly influences the HbS polymerization (through concentration effect) and relates to the electrostatic interaction which stabilizes the Hb-Hb interactions during agglutination.
Particularly, the water self-diffusion coefficient (D) is an important measure of the water dynamics inside the Hb solution and is affected by the hydration and obstruction effects according to [8] :
where 0 D is the water self-diffusion coefficient of the bulk, Φ is the volume fraction occupied by hydrated Hb, and f is the fraction of water bound to Hb. The factor ς depends on protein geometry [8] . The factor ( ) 1 ς − Φ is related to obstruction effect and f to hydration effect. As the HbS polymerization process could affect water self-diffusion coefficient inside Hb solution, the main goal of this work is to compare the D values before and after the agglutination process.
Material and Methods
The samples of Hemoglobin A (HbA) and HbS were obtained from fresh venous whole blood donated by volunteers and immediately heparinized. After removing the plasma and leukocytes, the red blood cells were washed three times with buffer saline phosphate (pH 7.4) (Sigma Chemicals Co.) and lysed by freezing [2] - [7] . The plasma and the buffer used in each washing were removed by centrifugation (2500 rpm, 10 min) and decanting. After centrifuging (2500 rpm, 10 min) to remove the stroma, 500 µl of hemoglobin were deposited in a nuclear magnetic resonance tube for the experiment.
The magnetic resonance measurements were performed in a magnetic resonance console (MARAN DRX, Oxford Instruments, UK). The proton transversal magnetic relaxation time (T 2 ) was measured using the CarrPurcell Meiboon-Gill (CPMG) pulse sequence with a resonance frequency of 4.0353 MHz (homogeneous permanent magnet, B 0 = 0.095 T), 10 and 20 µs for 90˚ and 180˚ pulses respectively, 32 scans, 40% and 50% for the RF power amplifier and receiver gains respectively, 3 s of relaxation delay and echo time of 8 ms.
For the measurement of D, the effective T 2 (T 2eff ) was measured employing a three-magnet array unilateral magnet with extended constant gradient (B 0 = 0.079 T, G = 2.1 T/m) [9] . The echo time was varied from 600 to 1600 µs with steps of 100 µs. Each measurement of T 2eff was performed using CPMG pulse sequence with a resonance frequency of 3.405549 MHz. In order to maintain the same excitation bandwidth, the RF pulse length was kept at 5 µs and the RF power amplification was set at 25% and 50% for 90˚ and 180˚ pulses respectively. The number of scans was 512 and 3 s the relaxation delay. After the measurements, a plot of 1/T 2eff versus Tau   2 was obtained, where Tau is the time between 90˚ and 180˚ RF pulses. The slope of the straight line resulting from fitting the data was employed to calculate D following the expression:
where γ is the proton gyromagnetic ratio and G the unilateral magnet gradient.
The samples were placed at 36˚C to facilitate the complete polymerization process during 24 h. Measurements of T 2 , T 2eff , and D were carried out before and after the polymerization.
Results
The Figure 1 shows the typical curves of echo amplitude versus echo time in the HbS samples studied. It is possible to observe a stronger decreasing of the echo amplitude after polymerization, giving place to lower T 2 values than those obtained before agglutination. Figure 2 contains the results of measuring T 2eff with the unilateral magnet before and after polymerization (echo time: 1200 µs). It is possible to observe a decreasing of the echo amplitude after polymerization giving place to lower T 2eff values than those obtained before agglutination. Figure 3 represents the typical D measurement before and after polymerization using 1/T 2eff behavior versus Tau 2 . It is possible to observe an increase of the slope after polymerization as a result of an increased D value. Table 1 shows the values of the T 2 , T 2eff and D after (a) and before (b) polymerization for each sickle cell patient studied. On the other hand, Table 2 summarizes the ratio between the values of these physical magnitudes before and after the agglutination process. 
Discussion
The values of T 2 observed in the Figure 1 agree with the previous report of T 2 behavior during HbS polymerization process [2] and it shows that this process is present in the samples studied. As we have demonstrated before, the observed decreasing in T 2 is the result of the increasing in the microviscosity around the Hb molecule, affecting its rotational movement and the rotational movement of the water strongly bound to the protein [3] .
A more detailed analysis of T 2 relaxation was performed ( Table 3 ) and significant differences were found concerning the exponential components of echo amplitude decay before and after HbS polymerization. Before polymerization one exponent was found with amplitude A 0 and relaxation time T 2 . After polymerization one fast (A 0 Fast, T 2 short) and one slow (A 0 slow, T 2 long) exponents were found. The results in Table 3 show the splitting of the water inside the HbS solution in two populations after polymerization. One population with faster transversal relaxation (T 2 short), which should include the water bound to the polymerized hemoglobin, and another population with slower transversal relaxation (T 2 long) including the water bound to free HbS in the solution. This result characterizes the hemoglobin solution studied as: Partially Polymerized, which agrees with our previous physical characterization of the HbS polymerization [3] .
Using the model of polymerization developed by Cabal and Ruiz [10] , and updated by Cabal and Lores [11] , under absence of crystalization and when the stability condition is reached, the HbS polymerization can be described as follows:
where y represents the polymer concentration, x(t) the deoxygenated HbS concentration, P the polymerization function and b the de-polymerization coefficient. As our experiment was performed under spontaneous deoxygenation conditions, reaching only around 50% of deoxygenated hemoglobin during the time of the experiment [11] , just a limited amount of polymers will be obtained together with another amount of HbS molecules remaining free inside the solution.
As we have used a strong magnetic field gradient in our experiment (G = 2.1 T/m) to determine T 2eff , the values observed in the 
Considering this point of view; to study the polymerization process in one inhomogeneous magnetic field with strong and constant magnetic field gradient, as is the case of the results reported in this work, is another tool to study the agglutination process, focusing our interest in the translational movement of the water bound to hemoglobin.
It is possible to conclude from Figure 2 (and Table 1 and Table 2 ) that the polymerization of HbS causes a significant decreasing of T 2eff ; which should be related with the increasing of D according to Equation (4) . The mentioned behavior of D was confirmed during our experiment and it is summarized in Figure 3 and Table 1 and Table 2 . It is possible to observe how the self-diffusion coefficient of water increases in all the sickle cell patients studied 1. The values of D obtained for Hb solution match with the previous reports of translational water self-diffusion coefficients in hemoglobin solutions [13] . Considering our HbS solution became a partially polymerized solution, the increase of D could be explained, according to Equation (1), considering the following process:
• The Hb-Hb interactions during HbS polymerization have the same origin that those supporting the water binding to Hb (electrostatic interactions like: Hydrogen bridge interaction and Van der Waals interaction) [1] [11] . Then, to guarantee the electrostatic Hb-Hb interaction which stabilizes the polymers, the HbS polymerization could decrease the number of sites available for water binding to Hb, causing a decreasing of f and the increasing of D.
• The HbS polymerization provokes the appearance of long fibers inside the hemoglobin solution, which could increase the obstruction effect in the region of the partially polymerized sample where water is located near the fibers (Polymerized region). Nevertheless, as the polymer's growth results from the initial and constant number of HbS molecules, in the other region where the water is located far from the fibers (Free region) the obstruction effect could decrease. Starting from the data in Table 3 , in our partially polymerized solution the free region is dominant. It causes the decreasing, as average, of the obstruction effect provoking the increasing of D.
Conclusion
The concept of partially polymerized hemoglobin, under spontaneous deoxygenation conditions, is supported through the presence of two exponents characterizing the magnetic transversal relaxation of HbS samples. A new approach to study HbS polymerization process has been presented, starting from the study of T 2eff and D in one inhomogeneous and portable magnetic field with one strong and constant static magnetic field gradient. The T 2eff values decrease around 40%, which can be explained by the increasing of D 1.8 times as a main value. The increasing of D can be explained through the decreasing of the hydration and obstruction effects as a result of the agglutination process in a partially polymerized hemoglobin solution.
